Leptogenesis in a model of Dark Energy and Dark Matter 
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A recent model of dark energy and dark matter was proposed, involving a new gauge group 
SU{2)z whose coupling grows strong at a scale Az ~ 10~^ eV, a result which is obtained from a 
simple assumption that its initial value at some high energy scale AI ~ 10^'' GeV is of the order of a 
typical Standard Model (SM) coupling at a similar scale. (This assumption comes naturally from an 
embedding of SU{2)z and the SM into a grand unified group Ea.) It is found that the proposed model 
contains a SM lepton-number violating Yukawa coupling involving a scalar "messenger field" (p^^' 
(which carries both SU{2)z and electroweak quantum numbers), a SU{2)z fermion Tp^ ' and a SM 
lepton I. The interference between the tree-level and one-loop decay amplitude for (p^ ' ^ ip^ + I 
generates a SM lepton asymmetry which is subsequently converted into a baryon asymmetry through 
electroweak sphaleron processes. It turns out that a non- vanishing lepton asymmetry is linked to 
the breaking of a "custodial" symmetry in the shadow fermion sector, namely a symmetry between 

(Z) (Z) 

tpl and i/)2 . Furthermore, the mass of the messenger field can be less than a few TeV's, making 
it accessible to searches at future colliders: the "progenitor" of a net lepton number (and hence a 
net baryon number) could possibly be found and identified experimentally. 



I. INTRODUCTION 

The origin of the baryon asymmetry r]B — {ns ~ 
ng)/n^ ~ 6.1 ± 0.3 x 10^^" is one of the most puzzling 
questions in Cosmology. A universe which was initially 
baryon-antibaryon symmetric will leave a baryon num- 
ber of at least eight orders of magnitude smaller than the 
previous value. A set of criteria which must be satisfied 
by any model of baryogenesis was laid out by Sakharov 
[l| almost forty years ago for the purpose of calculating 
this asymmetry. Grand Unified Theories (GUT) contain 
the necessary ingredients for baryogenesis 0: the out- 
of-equilibrium decay of a massive particle which violates 
baryon number as well as CP. However, there are sev- 
eral issues with this scenario. The most serious one is 
the presence of electroweak (EW) sphaleron processes at 
temperatures greater than the electroweak scale which 
conserve B ~ L but violate B + L, where B and L are the 
baryon and lepton number respectively. It implies that 
any B + L asymmetry generated by GUT mechanisms 
would be "washed out" by the EW sphaleron processes 
Q. It was then realized that one might need B — L to 
be violated itself in order to generate any baryon asym- 
metry. 

What might be the possible sources oi B — L violation? 

A very promising mechanism under the name of lepto- 
genesis was proposed in which an out-of-equilibrium de- 
cay of a heavy Major ana neutrino which violates B — L is 
responsible for a lepton asymmetry (^ . If this happens at 
high enough temperatures while the EW sphaleron pro- 
cesses are still in equilibrium, this lepton asymmetry can 
be converted into a baryon asymmetry. In these scenar- 



ios, the lepton number is associated with Standard Model 
(SM) leptons and the baryon number is associated with 
SM quarks. Let us recall that, in the SM, B and L are 
violated because the SM baryonic current, J^ and SM 
leptonic current, J^, have an anomaly given by 



d'J!^ = d^j^: = ( 



V 



32 7r2 



-g^W^,W''^''+g^B^,B 



^u 



where W"; 



and Bfj^ are 
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(1) 

the SU{2)l and C/(l)y gauge 

bosons respectively. 

The aforementioned leptogenesis scenarios have 
spawned a considerable amount of very interesting works, 
especially in connection with constraints on neutrino 
masses (see e.g. the excellent review by Buchmiiller, Pec- 
cei, and Yaganida in [4!]). It goes without saying that 
much remains to be done along this path. From an ex- 
perimental point of view, the question of whether neutri- 
nos are Majorana or Dirac is far from being settled, with 
more experiments being planned to study this issue. The 
attractive and popular see-saw mechanism which gives 
rise to small neutrino masses, contains Majorana neutri- 
nos, with the heavier ones being candidates for the lep- 
togenesis scenario. (There are scenarios in which heavy 
Dirac neutrinos could be responsible for leptogenesis 0.) 
In view of these issues, it might be interesting to investi- 
gate alternative scenarios of leptogenesis. Could there be 
a mechanism of leptogenesis in which the B ^ L violation 
comes from the decay of some particle other than the 
heavy Majorana neutrino? After all, it is the SM lepton 
number violation which is at the heart of the matter, no 
matter what its source might be. Can one test this new 
scenario in terms of its particle physics implications? 

There is indeed such a particle as described in Q- It 
arises in the construction of a model of dark energy and 
dark matter Q , [3| ■ We summarize below the essence of 



that model in order to motivate the model of leptogenesis 
presented in this paper. 

In recent papers [y|, [3|, a Quintessence model was 
proposed in which the quintessence field is an axion-like 
particle, az, of a spontaneously broken global U{1)\ 
symmetry whose potential is induced by the instantons 
of a new unbroken gauge group SU{2)z- The SU{2)z 
couphng becomes large at a scale h-z ~ 10"'^ eV start- 
ing from an initial value M at high energy which is of 
the order of the Standard Model (SM) couplings at the 
same scale M . This last fact could come from the fol- 
lowing Grand Unified path E^ -^ SU{2)z ® SU{6) with 
SU{6) ultimately breaking down to the Standard Model, 
the details of which is given in , 8J . The scenario which 
was proposed in [6|, [TJ] is one in which az gets trapped 
in a false vacuum of an instanton-induced potential with 
a vacuum energy density ^ (10~^ eV)^. This model of 
quintessence mimics a universe which is dominated by a 
cosmological constant and cold dark matter. In fact, the 
most recent analyses from the Supernova Legacy Survey 
(SNLS) and WMAP [g, [lo| fits a flat AC DM with a 

constant equation of state w = —0.97 „'„„ . As noticed 

in [lO|, even without the prior that the universe is flat, 
the combination of WMAP, large scale structure and su- 

pernova data gives w ~ — l.Oo „ „„ 

As discussed in [7| , our model, beside providing a sce- 
nario for the dark energy, contains several other phe- 
nomenological and cosmological consequences, two of 
which involve a candidate for the cold dark matter and a 
candidate for a new scenario of leptogenesis. The purpose 
of the present paper is to present a detailed description 
of this new mechanism of leptogenesis. 

These aforementioned candidates depend on each other 
in an interesting way. The SU(2)z fermions (the shadow 
fermions), which transform as (3,1,0) under SU{2)z ® 
SU{2)l(E)U{1)y, would not have any interaction with the 
SM particles (the visible sector) (other than the gravita- 
tional one) if it were not for the presence of a messen- 
ger scalar field t^*^^^ = (3,2,-1/2) in our model. As 
discussed in [7|, this presence manifests itself in a vari- 
ety of ways: it helps maintain thermal equilibrium be- 
tween the SU{2)z and SM plasmas (so that the two 
sectors possess a common temperature) until it drops 
out of thermal equilibrium. Its decay into a SM lep- 
ton plus a SU{2)z fermion, as we shall see below, gen- 
erates an asymmetry of the SM lepton number which is 
subsequently reprocessed into a baryon number asymme- 
try through the electroweak sphaleron process. Further- 
more, it will be seen below that the asymmetry depends 

2 2 

™,(Z) "^/Z) 

on ( — - — J — - — ) besides other factors such as CP phase 

factors, etc., where m (z) and rriip-^ are the masses of 

the SU{2)z fermions and messenger field respectively. 
The non-vanishing asymmetry is seen to be linked to the 
breaking of a shadow "custodial" symmetry 5^/(2)3/10^0^, 



by the difference in mass among the two shadow fermions. 
By requiring the SM leptonic asymmetry to be of order 
10~^, various upper bounds on the messenger mass are 
obtained. The messenger field can be as light as several 
hundreds of GeVs which makes it an interesting prospect 
for a search at future colliders such as the LHC. 



This scenario of leptogenesis is drastically different 
from the "standard" one in that here it is a scalar field 
whose decays violate SM lepton numbers instead of the 
decays of the customary right-handed Majorana neutri- 
nos. In some sense, it is reminescent of the color-triplet 
Higgs scalar of SU{5) with the difference being that, in 
our case, only SM lepton number is violated. Let us 
recall that in "standard" scenarios with two heavy parti- 
cles, one being much heavier than the decaying particle, 
the computation of the asymmetry gives rise to a factor 
which is proportional to 1/x with x = {tTLheavy / fnught)^ ■ 
In these models, SM particles which have masses much 
smaller than mught , contribute a negligible amount to the 

asymmetry. In contrast, our model contains fermions, 

( z) 
ipl , whose masses are not too much smaller than that 

of the "light" messenger scalar field and whose contri- 
bution in the asymmetry turns out to be proportional to 
(m . (z) jm(p^'^ . This is a contribution which greatly dom- 
inates over that of {m(p^lm(p^)'^ < 10~^^ in our model. 
These points will be made clear below. 



We would like to mention that there exists models of 
baryogenesis where there is an asymmetry between SM 
particles and e.g. particles that are not affected by the 
electroweak sphalerons |llj or scalar condensates [ij]. 
Our model is similar in spirit but is entirely different 
from the aforementioned interesting models. 

In this paper, we will lay out the groundwork for the 
computation of the SM lepton asymmetry from (p^^' de- 
cays. First, we will give a brief summary of the salient 
points of the SU{2)z model (nicknamed QZD). In partic- 
ular, we will focus on the particle content and the related 

interactions which are most relevant for this paper. We 

(z) 
will discuss the reason for having two scalars: (Pi2 ■ We 

then proceed with the computation, at T = 0, of the 
SM lepton asymmetry, showing its dependence both on 
the masses of the particles involved and on the strengths 
of the couplings and the CP violation. A more complete 
treatment of the problem at T 7^ will be dealt with else- 
where. Here, the main aim will be to show that the SM 
lepton asymmetry, in our model, can be non- vanishing at 
zero temperature. We end with a brief discussion on a 
possible detection of the lightest scalar which is respon- 
sible for this SM lepton number asymmetry. An interest- 
ing feature of this model is the fact that this "messenger 
field" which is the "progenitor" of the lepton asymmetry 
could in fact be found and identified in future colliders 
such as the Large Hadron Collider (LHC). 



II. A BRIEF REVIEW OF SU{2)z 

In this section, we summarize the essential elements of 
the SU{2)z model used in Q, Q, restricting ourselves 
to the non-supersymmetric case. At some scale M, the 
gauge group is described by 



GsM ® SU{2)z 



(2) 



where Gsm could be, for example, SU(6) as in the chain 
Ee -> SU{6)<»SU{2)z 0,0, with SU{6) breaking down 
to SU{3)c<»SU{2)l<»U{1)y via, e.g., the route SU{3)c<» 
SU{3)l<^U{1) H, [i|. Fermion fields transform under 
the above gauge group as 



^l%^iRL,R,l);^p[l 



L,R 



(1,3), 



(3) 



where Rl,r denotes the representation of the left-handed 
and right-handed SM fermions under Gsm- Notice that 
the fermions of each sector are singlets under the other's 
gauge group. Notice also that SU{2)z is a vector-like 
gauge group, similar to ordinary QCD. Apart from the 
obvious gravitational interactions, the two sectors can 
communicate with each other through a messenger scalar 
field which carries quantum numbers of both sectors. 
We shall see below that one actually needs two of such 
scalars, one being much heavier than the other. In this 
paper, we will concentrate on the type of messenger fields 
which are crucial for our leptogenesis scenario. They are: 






/ ~{Z).0 ~(Z). 



= (l,2,r^ = -l, 3) (4) 



under S'C/(3) ® SU{2)l ®U{1)y® SU{2)z, where i = 1, 2 
and where Q = T^l + Y/2. Since we wish SU{2)z 
to be unbroken and to grow strong at Kz ^ \Q~^ eV, 

(Z) 

we will assume that the potential for <fi^ ' is such that 

{'Pi ) = 0- As a consequence, it will not contribute 
to the breaking of the electroweak gauge group. The 
physical masses of the messenger fields are arbitrary. As 
explained in [3], one of the two messenger fields is as- 
sumed to have a mass less than 1 TeV so that the SU{2)z 

~(z) 
and SM plasmas maintain thermal equilibrium until (p\ 

~ ( z) 
drops out of equilibrium and the other, (^2 is assumed 

to be very massive, with a mass of the order of a typi- 
cal GUT scale in order for the evolution of the SU{2)z 
couphng to yield the desired features of the model. This 
also turns out to be what we need for the leptogenesis 
scenario. 

In addition to one of the above messenger fields (the 
heavy one with GUT-scale mass is not included in the 
evolution of the coupling), it is shown in [Tfl that the 
following fermions are needed in order for the SU(2)z 
coupling az — g^/47r to be of order unity at around 



/,(2 



(Z) 



Az = 3 X 10-3 eT^: Vi and V2 ■ As shown in 0], 
the masses of V'l and ip2 come from a complex scalar 
which is a singlet under both the SM and SU{2)z. (As 
shown in [7[ , the "axion" , which is the imaginary part 
of this complex scalar, is the quintessence field which 



gets trapped in a false vacuum and yields a scenario for 
the dark energy.) The vacuum expectation of the real 
part of that scalar is unconstrained by present particle 
physics data, although a recent model of "low scale" in- 
fiationary scenario did put a constraint on its VEV [ISj . 

(Z) (Z) 

As a result, the masses of ip) and ip2 are arbitrary. 
However, as it is argued in Q, they (or at least one of 
them) can be a candidate for a WIMP cold dark matter 
if its mass is of 0(100 - 200 GeV). As discussed in 0], 
the most attractive WIMP scenario in our model is one 
in which ipl and -02 are close in mass to each other, 
with m .{z-j ^ m i(z) ~ 0(100 GeV^). It is in this context 
that we will concentrate our discussion of leptogenesis. 

To complete this review section, we show, for illustra- 
tion, a couple of graphs of az and a^ versus E taken 
from [7[ for a given value of tpl mass with two differ- 
ent values of ipl 2 masses. (The constraint is az = 1 
at A2 = 3 X lO"'^ eV.) Although the calculations pre- 
sented below are meant to be general, we will illustrate 
our results with masses which are in the range of values 
illustrated in Figures [1] and [3 

In [6[, it was shown that the "minimum model" with 

-01 , '02 and ip\ was sufficient as a scenario for both 
the dark energy and dark matter. However, as discussed 
in 7!], a simple extension of this "minimum model" by 

including one extra heavy messenger field (^2 has a far- 
reaching consequence: a non-vanishing SM lepton num- 
ber asymmetry as we shall see below. We will assume 
that {(p[^^) = and m|^ > to|^ > 0. Without this 
extra messenger field, the asymmetry will simply vanish. 
Thisis a well-known result of early models of baryogene- 
sis [1^ . It also turns out that the dominant contributions 
to this asymmetry is insensitive to the value of m^^ as 
long as 771(^2 3> m^-^ . In this case, m^^ can be as large as 
a typical "GUT" scale. 

Although the lepton asymmetry discussed in this paper 
comes primarily from the decay of ip\ when it drops 

out of thermal equilibrium, in principle the decay of the 

~ ( z) 
much heavier tpj can also generate a SM lepton number 

asymmetry. However, this asymmetry will be washed out 

(z) 
by the inverse-decay into the lighter ip\ ' a.t T > to^^. 

This is similar to the popular leptogenesis scenario with 

two Majorana neutrinos, one of which being much heavier 

than the other. Because of this fact, we will focus only 

(Z) 

on the decay of ip\ ' in this paper. 

We now proceed to the discussion of our model of lep- 
togenesis. 



III. SM LEPTOGENESIS FROM i^<^' DECAYS 

In this section, we will show how the introduction of 
two messenger fields gives rise to the possibility of a new 
mechanism for SM leptogenesis, alternative to the popu- 
lar scenario in which the SM lepton number asymmetry 
is generated by the decay of a heavy Majorana neutrino. 



It will be shown that the value of the SM lepton asymme- 
try depends primarily on the ratio of the SU(2)z fermion 
mass to that of the messenger scalar field (pi, namely 
{mi/m{p^)'^ , where rrii with z = 1,2 denotes the mass 
of the SU{2)z fermion. The (by-far) subdominant con- 
tributions arc found to be proportional to m'^ /m^ and 
raf/rajp which are less than 10~^^. Interestingly enough, 
as we shall see below, for tti^j ^ rn^j , the asymmetry de- 
pends (beside other factors such as the CP phases, etc..) 
mostly on the ratio (wi/m^^)^ and is insensitive to the 
exact value of tti^^ as long as m^p^ ^ rra^j . Let us re- 

mind ourselves that f/ij with mi = 0(100 GeV^) could 
be WIMP candidates as discussed in [31 and (pi with a 
mass not-too-different from the electroweak scale can be 
searched for at colliders such as the LHC. One cannot fail 
but notice the interesting connection between the afore- 
mentioned ratio which appears in the SM lepton asym- 

( z) (Z) 

metry and the "detectability" of V') and (fl . We will 

come back to this connection below. 

Before writing down the interaction Lagrangian, let us 
notice a few facts, (a) SU{2) representations are real: 

both 3x3 and 3x3* contain a singlet, (b) 4'i l'^ 
transforms like a right-handed spinor. In order to con- 
struct the diagrams shown in Fig. ([3]), one can write the 
SU{2)l ® U{1)y ® SU[2)z invariant Lagrangian taking 
into account points (a) and (b) as follows: 



where 



#^-^S+^2'% 



(5) 
(6) 



and where, in general, the couplings g^ 

¥-^(1,2) 



are complex 

and where m = 1,2,3 and z = 1,2 refer to the lepton 
family number and the two SU{2)z fermions respectively. 
In general, one has twelve complex Yukawa couplings in 
total. We write them as 



(1:2) 



(1.2) 



I (1-2) I /• \ 

l4iml*^^P(*"(1.2):™)' 



l4t'™l^'^P(*Al.2),m)- 



(7) 



(8) 



Notice that the interaction ([5]) violates "lepton" num- 
ber in a general sense that it includes also the shadow 
fermions. It is then natural to define the following Ma- 
jorana shadow fermions 



N. 



(Z) 



M, 



(Z) 



^ 



ViM 



i^S^ 



-^^^ 



(9) 



(10) 



The interesting issue of Majorana shadow fermions de- 
serves a separate investigation. For the present pur- 
pose, we will investigate the problem using the above 



Lagrangian ([5]). With a Majorana shadow fermion, the 
diagrams shown in Fig. ([3]) are very similar to those of 
the "standard" leptogenesis scenarios with the Majorana 
particle being a decay product in our model instead of 
being the decaying particle. 

As we have mentioned in our review section of the 
SU{2)z model, the case where m az) ^ m .{z) ~ 
0(100 GeV) is the most attractive candidate for a WIMP 
scenario. In what follows, we will focus on this partic- 
ular case, although our presentation will be sufficiently 
general. 

We wish to compute the interference between the tree- 
level and one-loop contributions to the decays 



~[Z) 



~(Z).* 



^A'^ 



+ 1 



'A'1,2 



+ r 



(11) 



fl2) 



where I represents a SM lepton as shown in Fig. [3] This 
interference will give rise to to an asymmetry in SM lep- 
ton number. Notice, in this regard, that only the SM lep- 
ton number asymmetry can be converted into a baryon 

iz\ 
asymetry through the electroweak sphaleron since "0^ 2 

are SM singlets. 

Before computing the SM lepton number asymme- 
try, let us make a few remarks concerning the out-of- 
equilibrium decay constraint for our scenario. Since a 
more detailed discussion will be presented elsewhere, we 
will summarize the essential points here. The primary 
condition for a departure from thermal equilibrium is 
the requirement that the decay rate Fi^^ r-^ a^p-^m^-^, 



with ai2 



9a- /^T'', is less than the expansion rate 



H = 1.66g* T'^/nipi, where 5* is the effective number 
of degrees of freedom at temperature T. As with [lj|, we 
can define 



K={T^J2H)t= 



o o 1/2 

3.3 g,' TO0J 



(13) 



When K <ti 1, (pi and ipl are overabundant and de- 
part from thermal equilibrium. Since the time when ipi 
decays is t ~ F^^"'^ and since T oc l/Vi, the tempera- 
ture at the time of decay is found to be (using p^ ) 
To ^ K^/^ ra(p^ [14]. For this scenario to be effective i.e. 
a conversion of a SM lepton number asymmetry coming 
from the decay of (pi into a baryon number asymme- 
try through the electroweak sphaleron process, one has 
to make sure that the decay occurs at a temperature 
greater than Tew ~ 100 GeV above which the sphaleron 
processes are in thermal equilibrium. From this, it fol- 
lows that K cannot be arbitrarily small and has a lower 
bound coming from the requirement Td > Tew- Oug 
obtains 



^ ^^ ,100 Gey, 2 
l> K > ( ) . 



(14) 



i-ipi 



For example, if m^^ ^ 500 GeV , the allowed range for 
K would be 0.04 < K < I. We wiU come back to p^ 
below. 



A remark is in order concerning ((T4)l . The asymme- 
try obtained when K < 1 is actuahy the largest value 
for a given scenario. However, when K > \ but not too 
different from unity, the net lepton number asymmetry 
will be diluted by a factor which is approximately 1/ K 
(modulo a factor which is less than 2 when K is not too 
large). As we shall see below, the upper bound on the 
mass of the messenger "progenitor" field will be lowered 
if we allow for the possibility oi K > 1 . Rougly speak- 
ing, the dilution factor 1/K has to be compensated by 
an increase in the basic asymmetry ef^ discussed below 
which can come about when the mass of the messenger 
field is decreased. This will be discussed at the end of 
this section and in the section on phenomenology. 

Once the out-of-equilibrium condition is fulfilled, the 
next thing to do is to estimate the SM lepton number 
asymmetry and relate it to the sought-after baryon asym- 
metry. Since the main aim of the present manuscript is 
to present a scenario for the computation of the SM lep- 
ton number asymmetry, we first present an estimate of 
that quantity in order to have some ideas on what to ex- 
pect of the magnitude of the asymmetry parameter ep to 
be computed in our model. This asymmetry will be com- 
puted at T = 0. Although care should be taken to include 
finite temperature corrections (see e.g. Ilal)i one does 
not expect the final result to be too different from the 
zero temperature one. When T < m^p-^ and when K < 1, 
the number density of (pi is approximately n^-^ = T^/tt^ 
(overabundance) and the entropy is s = (2/45) (7*7r^ T^, 
with g^, ~ 114 (including SU{2)z light degrees of free- 
dom). The decay of (fi and (pi creates a SM lepton num- 
ber asymmetry per unit entropy tilsm/s ^ 2 x 10^^ ep . 
For the SM with three generations and one Higgs doublet, 
one has ub/s ~ — 0.35 tilsm/s ~ — 10~^ep, where ub 
is "processed" through the electroweak sphaleron. Since 
ttib/s ^ 10~^°, a rough constraint on ef^ is found to be 



-10" 



(15) 



We will make use of the constraint P^ to gain some 
insights into the allowed ranges of masses in our model. 

The central quantity to be computed in our model is 
the asymmetry 



r,r. 



ipl I 



r^5*r 



- Vl I 



r^j I ' 



(16) 



to the decay of ipi separately into -0^ ' and -02 ■ 



r^z) 



jXZ) 



T{^\->^ijr>+l)-V{^\ 



-S^)^ 



4^) + ;") 



nA'' 



-m 



V'l"^ + + r(^i 



~1Z),* 



#^ + 



(17) 



^2 



4^)+/") 



r(^(^)^^f) + + r(^i 



~^z) 



^f) 







(18) 

In (|17|18p . a non- vanishing value for e^\ comes from the 
interference between the tree-level and one-loop contri- 
butions to the decay widths. In what follows, we will 
concentrate on these interference terms. 

We will denote the tree-level-one-loop interference con- 
tribution to the decay width by r™^*^. The one-loop con- 
tribution includes both vertex and self energy corrections 
as shown in Fig. ([3]). In what follows, we will neglect 
the SM lepton masses in the one-loop calculations since 
their contributions to the asymmetry is tiny, of order 
^Tii ITT- ,{z) Im?- . First, we concentrate on the vertex con- 

{Z\ ~(Z) 

tribution. We obtain for ipi ' -^ xjj{ + I 






- \2_^ 9<pi I 9^2 1 Z^ 



,(1)* 



'(^i m ^ip'i m 



)!' 



I /Y^ (2) (1)* Y^ 

+ (1^9^,19^21 1^9. 



(1) 



,(2) 



ipi m ■^ip2 iTi- 



/(2) 



+C.C. , 



(19) 



-pini(l) 



\ / J Jifi I ^(p2 I / ^ ^'^\ fn ■yip2 fn^ 
I m 



-^c.c. 



(20) 



where g)- '' \ is defined in Eq. ([5]) and /(^'^^ is an integral 

in which ipl ^ propagates in the loop. (I^^-^'^ will be ex- 
plicitely given below.) The sums are over all three flavors 
of leptons. Similarly, for the process (p\ — ^ v^2 



-(")-^vT^ + /, 



,mt(2) ^ .V^ (2) (2)» V;^ (2)* (2) . .(2) 






^c.c. , (21) 



pmt(2) _ ,V^ (2)* (2) V^ (2) (2)* x ^ 

where ^ Cp-^i and ^(p-i contain the sums over all three v\y ^ ^Z^ 9^,i 9^2i / ^ 9ip-,m9ip2m) -^ 



,(2) (2)* . j{2) 



flavors of SM leptons. Also, in the numerator of P^ . 
Fc^j ; and F^. ;- are computed up to one loop and there- 
fore contain interferences between the tree-level and one- 
loop contributions. It is only this interference which con- 
tributes to ef^ . As usual, the decay widths in the denom- 



inator of (|T6|) are kept at tree level. To be more specific, 
we will define the following asymmetries corresponding 






(2) „(1)* X r(l) 



-\-C.C. 



(22) 



It then follows that e^\ which are proportional to the 
difference between ([T^ and (P0|) . and between (PTjl and 



22)1 respectively, look as follows 



and the total asymmetry is defined as 



'1,V 



ex 



Im{Y.9Sh9'i'jT.9'i':m9SL}Irn{li''} 



e-tot = ei + £2 • 



(32) 



/ m 

(23) 

where the subscript V denotes the contribution com- 
ing from the interference of the tree-level and vertex- 
correction to the decay widths. Notice however that 

V^ (1) (1)* v^ (1)* (1) ■ 1 J -4- • 

J2i 90,1 90^1 L,m 9J^9Jm IS real and its mragmary 
part therefore vanishes. We are then left with 



efy ex Im{ 



,(2) „(i)* 



.(!)* .(2) 



^9}f,;i9}p;i 2^ 5^i'™5^;m}-^"^{/( >}. 



(24) 



Therefore, we will focus below on constraints coming 
from the vertex corrections which will be given explic- 
itly below. 

Before presenting the results of the integrations, we 
write down explicitely the loop integrals / in the case 
m Az) — and /(i'2) jjj ^j^g (,g^gg 77^ ,2, ^ 0. AU SM 

'f'1,2 'f'1,2 

lepton masses are neglected in the propagators. They 
are: 



+ 



dH 



1 



1 



(27r)4(/ + fc)2(? + fc')2 
dH m 



(33) 



{2t:Y [{I + kf][{l ^ k' fW ^ ml 



-,(2) „(2)* 



.(!)* .(2) 



Similarly, with Y.i 9^, i 9^, i E™ ^^^ m ^^., m 
we obtain 



being real. 



<V oc Im{Y^9tl9f:,T.9f:^9f^Jl^{l'''}- 

(25) 
Let us define 



and 

/(1'2) ^ 



dH 



(27r)4 (Z -K fc)2 (/ + fc')2-m2 



(34) 



'''1,2 



dH 



2 

m-„ 



(2^)4 [{I + kf 



fc')2 



m 



i^Y 



>][l' 



V2' 



r- Vo^^) „(1)* V ry^^)* n 
*-" ~ Z^ 9^1 1 y,f,2 I /_^ 9(pi m 9, 



(1)* „(2) 



iP2 m • 



(26) 



It is then easy to see that the coefficient of the right-hand- 
side of (^5]) is just C* so that ImC* — ~ImC. One can 
then rewrite Eqs. ([M]) and ([23 as 



ef_V = (/mC)/m{/(2)}, 
e% = -{ImC) Im{I^^^) . 



(27) 



(28) 



In addition, the contribution to ef\ coming from the 
tree-level-self-energy interference is found to be 






} 



(Z) 



where k and k are the four- momenta of the external "0} 2 
and SM lepton I respectively. (In (l34l) . the numerator of 
the second term actually should be ?n| + 4mim .(z) ~ 



V2 



■) 



>!:; 



To make our discussion as concise as possible, we first 



present the result for the limit m. 



ri 



(Z) 



to simply show 



that it coincides with the well-known results, 
purpose, let us define 



, Tn(p2 2 



For this 



(35) 



In the limit m (z) 

Vl,2 

Im I where 



0, one has Iml^^^ = Im.l'-^^ = 



x(=.^^) 



"^Il - "1I2 ' 16 TT ' 



4!s « i^{ 



v^ (1) (1)* v^ (2)* ^zj 1 

^/ ^ 9i0i va 9(p2 m / J 9(p-, Til 9ip2 mi 



,(2) 



x( 



yi 



-)- 



"^|i - "^12 ' 16 n 



(29) 



(30) 



However, as discussed in ^j, ..„ ^^ ,,„ 

approximately ^ 10^^^), the contribution of e^j s ^'~' ^1' 
is negligible and we will neglect it from hereon. In what 
follows, we will make the identification 



, m|, ^ r7i|^ (the ratio is 

2 



1^1 

ei,2 — £1 2,y ' 



(31) 



Iml ^ (I - X ln(f + -)) , 

16 TT X 



(36) 



A few remarks are in order here in order to clarify the 
contrast of the results of our model with those of "stan- 
dard scenarios" . In the above result for Im I, the mass- 
independent part 1/16 TT (first term on the right-hand 
side of (l39|) comes from the absorptive part of the first 
integral in psp . while the mass-dependent second term 
comes from the absorptive part of the second integral in 
dSS}. For a; » 1, {1-x ln(l + i)) = {l-x{^- j^ + ..) ~ 
2"^ and one obtains the familiar result, namely Im,I ^ 
-^2Tx ■ ^^^ mass-independent term cancels with the first 
term in the expansion of the logarithm. At this point, 
one might want to make contact with results that one 
obtains from an effective theory after integrating out the 



heavy degree of freedom, namely (p2- In an effective the- 
ory where the heavy degree of freedom is integrated out 
so that C — Ctree + i^/'m'^^)Cdime + ---, one can construct 
an equivalent one-loop vertex correction and obtains the 
suppression factor rri^ /m^ directly without the afore- 
mentioned cancellation. In that sense, the effective the- 
ory "misses" that mass- independent term I/IGtt which 
should be there in the full one loop calculation (used in 
most papers) but which gets cancelled for a; » 1. 

When m , (z) is not too different from m^?:, , there are 

some differences with the above "massless" results. The 

first term of Eq. (l34|) gives an identical absorptive part to 

to that of the first term of Eq. ([55)) . namely (I/IGtt). The 

absorptive part of the second integral in (|34p is now pro- 
portional to /n[(m|^/TO?-hl-m2/m2j/^^2y^2j]^ 

The first two terms inside the log are the well-known re- 
sult for massless fermions while the last term cannot be 
neglected in this case because m,(z) = 0{'m^^), in con- 
trast with previous scenarios of baryogenegis or leptoge- 
nesis. This gives rise to an additional contribution in the 
vertex correction, namely 

7^/(1,2)^ J_(l_^ln(i + i_^)), (37) 

Idtt X yi^2 



where 



2/1,2 = (- 



™^<5 



(38) 



For X, 2/1^2 S> 1, one can again expand the logarithm term 
as 1 - xln{l + 1/x - l/yi.2) = 1 - x{l/x - l/yi.2 - 
(l/2)(l/x - 1/2/1,2)2 + ..) ^ x/yi,2 + (1/2) a; (1/x - 
1/2/1,2)2 + ••• Again, the mass-independent term can- 
cels again x{l/x) but now there remains an extra term 

x/yi 2 which would vanish if m .{z) = 0. The second 

' 'f'1,2 

term in the expansion is now a subdominant term equal 

to (l/2)(m2,2) -m|jV("ti ™L)- Taking into account 

V'1,2 
the explicit definitions of x and 2/1.2, one can expand Eq. 
EZlto find 



/m/(i'2) 



1 m (Z) 

J- " ^1,2 n2 



16 TT 



((- 



r + ■■■): 



(39) 



where ... in Eq. [551 denotes terms of order {m(p^/mf,r^)'^ < 
10~26^ (jYi (2) /m(p^Y < 10^26 and higher which are neg- 

'f'1,2 



ligible compared with (- 



-)2 — xjyxj,. The dominant 



term in ([55]) which comes from the full one-loop calcu- 
lation and which cannot be neglected because m az) = 

'/'l,2 

0(?Ti(^j^), cannot be seen from an effective theory. This 
might appear to be "unexpected" because in previous 
calculations, the decaying particle is much more mas- 
sive than any SM particles (either in SU(5) baryogene- 
sis or in standard scenarios of leptogenesis). It is this 
quatity which will determine the size of Iml^^'^' and 
hence that of the asymmetry ei,2- From ([55]) . one notices 



that Iml'^^'^^ is not sensitive to the value of the mass of 

(p2 as long as m^^ » ma,^ ,'m {z) 

^1,2 

From the above discussions, one notices the clear dis- 
tinction between our model for leptogenesis and the 
"standard scenario" involving heavy Majorana neutrinos. 
Let us enumerate the differences. 

• For the "standard" scenario, SM particle masses 
are neglected compared with the heavy Majorana 
neutrino masses in the one-loop computations of 
the vertex and wave function corrections. As a re- 
sult, the lepton number asymmetry in these scenar- 
ios depend only on the ratios of heavy Majorana 
neutrino masses, apart from the couplings and CP 
phase(s). 

• In our scenario, the decaying particle which gives 
rise to the net lepton asymmetry is the messen- 
ger scalar field (pi whose mass is within the range 
of the electroweak scale while the other messenger 
field (p2 has a mass of the order of a typical GUT 
scale. If these were the only particles that one takes 
into account in the computation of the asymmetry, 
the ratio of the mass of ipi to that of (^2 would 
negligibly small to play any role in the asymmetry. 
The difference with the "standard" scenario lies in 
the existence of the SU{2)z fermions whose masses 
are not too different from that of the decaying (fi . 
This gives, as a result, an asymmetry which mainly 
depends on the ratio of the masses of the SU{2)z 
fermions to that oi (pi and which is no longer su- 
pressed by large mass ratios such as (m^^/m^-^)'^ 
and {ra^^/m .(z))"^ . In fact, the asymmetry is not 

sensitive to mass of the very heavy messenger field 
but depends instead on the ratio of the masses of 
the two "lighter" particles. 

Let us now turn to the question of how big or how small 
Ctot might be. In particular, it would be illuminating to 
see under what conditions etot vanishes so that we might 
learn about the reasons why it does not vanish. From the 
definitions ([171 [TH]) and the results ((271 [M]), we obtain 



(tot = ei + £2 
ImC 









(40) 



Using the results for /mj/^^'^)} (Eq. ([M]) ! we can 
rewrite (|i(I)) as 

~ 16 7r^ ml ^V \a^^^\^ 



1 .%P' 



1 



1 



(41) 



A close examination of (|4T|) reveals some interesting fea- 
tures of our model. 

• etot vanishes if ImC — 0. This fact is self-evident 
since, in order to obtain a non-vanishing asymme- 
try, one has to have CP- violating complex Yukawa 
couplings and hence ImC 7^ in our model. 

• etot vanishes, even when ImC ^ 0, if we have hoth 



1 



,(1) 



(2) 



and 



E. Wil^ E. Wii 



"^,aP' = "^^f ' 



(42) 



(43) 



Point ^ 2 is quite interesting in its own right. Since, 
in the hmit (|42l[43|) . etot = 0, this seems to suggest some 
kind of symmetry in the shadow sector involving V'l 2 ■ 
To see what this might be, let us again look at Eq. (|4T|) . 
If we put 



(1) 



\9ii^ 



Iffg^J 



in (HTI). we obtain 



^tot 



^'i 



16 TT 



-){- 



ImC 



VI 






-}. 



(44) 



(45) 



The equality (j44|) suggests the existence of a custo- 
dial symmetry^ at tree-level (where only the magnitudes 
of the couplings are involved), in the shadow sector 
which is explicitely broken by the mass difference be- 
tween il)\ and ^^2 • Let us assume this custodial sym- 
metry to be a global SU{2) and let us denote it by 
SU{2)shadow The shadow fermions then belongs to a 

doublet of SU (2) shadow'- {w\ iW^ )• The breaking of 
this custodial symmetry by the shadow mass difference 
such that etot y^ is reminescent of the breaking of the 
SM custodial symmetry by mass differences among the 
up and down members of the SU{2)l doublet such that 



'4^' 



p 7^ 1. The factor (—^ — j — 1 — ) plays a similar role to 

the radiative correction to the p parameter coming from, 

e.g. a quark doublet, which is proportional to C""^™" ). 

Let us come back to the statement that etot = when 
ImC — (Point #1). This can be achieved when 



(1) ^ (2) 



|gyim|exp(iaTO), 



(46) 



^tot = even if it is broken in the mass sector by having 

Last but not least, one might want to know whether 
or not we can put ipi and (p2 together into a doublet 
of the shadow custodial symmetry. In what follows, we 
will see that the constraint from the K factor appears 
to rule out such a possibility. In the last section on 
phenomenology, we will be pointing out that from the 
constraint 0.04 < K < 1 (fT4l). one can deduce that 



8 X 10"^'^ < a^^ < 2 X 10~^^. The shadow custodial 
symmetry that includes (pi and (p2 would then imply 
a(p-^ — a{p^ . As seen below, the asymmetry is propor- 
tional to a02 and the K factor constraint would make it 
many orders of magnitude below the required value if the 
shadow custodial symmetry also includes the messenger 
fields. 

The above discussions suggest a deep connection be- 
tween the possible existence of a custodial symmetry in 
the shadow sector and the size of the lepton number 
asymmetry etot- the breaking of that custodial symme- 
try at loop levels gives rise to a non-vanishing asymmetry. 
Our next step is to make an estimate for the asymme- 
try as a function of various quantities which might have 
direct phenomenological implications such as the messen- 
ger mass and the shadow fcrmion masses. 

As mentioned above, the constraint we will use is 
|etot| ~ 10~^. Also for simplicity, we will use the for- 
mula (^5]) for etot- Let us first define 



|Am2 (2, 1 = k^(z) - m^ (2, 1 



(48) 



• As an example, let us take some numbers presented 
in Fig.([T]), namely m^{z) = ZQQGeV, rn (z) = 

100 GeV and m , (z) = 50 CeV. We then obtain 



1 J^"^^(Z)I 



16 TT m\ 



)- 1.7x IQ- 



One can then obtain the following estimate 



\ImC\ 



10" 



(49) 



(50) 



For the sake of estimation, let us assume that 

\9(pie\ ~ \9viA ~ Iffvirl = Iffvil and \gf,^e\ ^ 
\9v2A ~ \9v2t\ = Iffi^al- Oiie tJ^en obtains 



\ImC\ 

Z-/Z \y(p\ i I 



\g^,\^s\nx-lQ-\ (51) 



(1) _ „(2) _ 



•J(p2 'IT^ 



•J(p2 'til' 



\9^2m\exp{if]rn)- 



(47) 



With (|46ll47)l . one can easily see that C is real and hence 
ImC = 0. What (|46l [47l) also imply is that the shadow 
custodial symmetry SU{2)gfiadow, when it is applied be- 
yond the tree-level to the Yukawa couplings, gives rise to 



where sinx is a function of the various phases. No- 
tice that ([5T|) is practically independent of the size 
of the Yukawa couplings of the lighter decaying 
messenger field. 

• To obtain a rough estimate on the lower bound on 
the light messenger field mass, we set Ig^jp sinx < 



1, giving the following bound, for m (z) — 100 GeV 
and m ,{z) — 50 GeV, 

TO-(z) <38reF. (52) 

A repeat of the above estimate with m az) = 
100 GeV and m .(z) = 98 GeV, for example, yields 



■4>\ 
m ^iz) < 9TeV . 



• Our last example is with m 



gives 



50 GeV and jg^jpsinx 



m-(z) < l.2TeV. 



(53) 

100 GeV, 
10^3^ This 

(54) 



The next interesting question to ask is how small can 
[^"^•^(z) I be. First, the messenger field cannot be too 
light since it has to decay while the sphaleron process is 
still in thermal equilibrium as we have discussed above. 
Using the constraint (fT4| . let us for definiteness set the 
minimum value for the mass of the messenger field to be 
approximately 100 GeV. One now obtains a lower bound 



on lAr 



>(z) I 



namely 



\Aml^z-,\>0.05GeV\ 



(55) 



Using more "reasonable" values for 



\IrnC\ 



E. K\\\ 



(1) 12' 



say 10 



and m . 



300 GeV , one obtains 



|Am;(z,| >452Gey^ 



(56) 



From the above estimates, one can infer that, unless there 
is a high degree of degeneracy in the shadow fermion 
sector, the masses rn az) can be naturally in the range 

which is suitable for them to be candidates for Cold Dark 
Matter (CDM), namely 0(100 Ge^). 

What the previous estimates show is that, for a given 

value of the factor jg^^ P sin^, the more degenerate f/'i 

{z\ (z) 

and ip2 are, the lower the (p\ mass should be in order 

to get a reasonable value for the asymmetry. Turning the 
argument around, one infers that the shadow fermions 
cannot be too degenerate and that their masses can nat- 
urally be in the favored range to be CDM candidates. 

The above upper bounds on the light messenger mass 
can be lowered if we allow for the factor K (see Eq. [T3|) to 
be greater than unity. Because of the dilution factor l/K, 
Ctot changes to ^ —10^'' K. For example, the bound 
([55)1 is lowered to 2.8 TeV^ and 890 GeV for K = 10, 100 
respectively. 

The examples given above are far from being exhaus- 
tive and are simply meant to be illustrative of the deep 
connection, in our model, between the SM lepton asym- 
metry, which is eventually transmogrified into a baryon 
asymmetry, and the mass of the messenger scalar field 



cpi responsible for this asymmetry. They point to the 
fact that (fii could be relatively "light" and has thus a 
"chance" to be found if it exists. In addition, it was also 
shown that a deep connection exists between the asym- 
metry and the breaking of the shadow custodial symme- 
try discussed above. 

As we have mentioned above, a complete treatment of 
the asymmetry linking etot to the actual SM lepton num- 
ber asymmetry, and eventually to the baryon asymmetry, 
requires one to solve the Boltzman equation taking into 
account various factors such as decays and inverse decays, 
etc... This however will not significantly change the var- 
ious bounds derived above. A more detailed study will 
be presented elsewhere. 

Last but not least, we would like to remark that the 
lepton flavour effects encountered in see-saw leptogenesis 
scenarios [ig| do not affect our model since the decays 
here are very out-of-equilibrium and the single-flavour 
analysis is justified. 



IV. PHENOMENOLOGICAL CONSEQUENCES 

OF THE "LEPTON NUMBER PROGENITOR" 

^(^) WITH MASS < ITeV 



Since this section is slightly out of the main topic of 
the paper, it will be very short and the details will be 
presented elsewhere. The main purpose for including 
it here is to show that there are consequences of our 
proposed SM leptogenesis scenario that can be tested 
experimentally in a not-too-distant future at the LHC. 
The progenitor for the aforementioned lepton asymme- 
try can possibly be found and identified experimen- 
tally! As we had mentioned in Section ([Tl|, we require 
SU{2)z to be confining and, as the result, the messenger 
fields which carry both SU{2)z and electroweak quan- 
tum numbers cannot have a vacuum expectation value. 
In the kinetic terms for the messenger fields, and in par- 
ticular for ip\ , one is interested in the following in- 
teractions: W+W- {^[^^•°*0[^^-° + ^[^^-^ if[^'^'-) and 
Z2'((pp^'°*(^P^'° -I- ip[^^'+ ip[^^'~). These interactions 
will provide the dominant weak boson fusion (WBF) 



s(^) 



production mechanism for a pair oiifl. A rough ex- 



-„iz) 



pectation for the production cross section for (p\ with 
a mass around 300 GeU is around Ipb and 0.1 pb for a 
mass around 500 GeU. The decay (p\ -^ Vi 2 + ^? i^ 



practically unobservable while Cp\ 



~AZ)-- 



ri 



(Z) 



I- and 



r„(z).+ 



dz) 



^\ ' ' "> '01^2'' + ^i ^^ have charged SM leptons with 
unconventional geometry, perfectly distinguishable from 
the decay of a 600 GeV SM Higgs boson. 

{Z\ i 

For the decays ai (p\ '' , one might want to have 
a rough idea on the length of the charged tracks be- 
fore the decays occur. For definiteness, let us take 
mqy^ — 500 GeV as an example. From the definition of 
K (dni) and from the requirement 0.04 < K < \ (fli)) . 



one can deduce that 8 x 10 ^^ < a^, < 2 x 10 



15 



Since 



10 



T^^ ~ a^^m^j^, the decay length is roughly 0.02 cm < 
l^-^ < 0.5 cm. This decay length falls within the range 
of the radial region of a typical silicon detector at CMS 
and ATLAS (40 cm and 60 cm respectively) . Notice that 
when K > 1 implying a larger a^p-^ , the decay length is 
even smaller than the previous upper bound, again well 
within reach of the aforementioned silicon detectors. It 
is also conceivable that, if these decays were to be ob- 
served, one might be able to measure the CP violating 
phases in Eq. ([5]) and, as a consequence, the size of the 
SM lepton number asymmetry needed in this leptogen- 
esis scenario. It is interesting to note that our scenario 
allows for a direct search of the progenitor of the lepton, 

and hence baryon, asymmetry at future colliders. 
~(z) 
The detection of ipi 2 would fall into the domain of 

Dark Matter search since it is electrically neutral and 

interacts very weakly with normal matter Q- However, 

it can also be indirectly "observed" as missing energy in 

the decay of the messenger field. 

One might also ask whether or not the process /i -^- 67 

can be affected by the couplings discussed in this paper. 

(z) ~ ~ 

It can occur at one loop with V'l 2 ^^'^ "^i or if 2 propa- 
gating in the loop. First there is no enhancement factor 



encountered in Iml^^''^\ Second the rate is negligibly 
small because of constraints such as 8 x 10~^^ < a^j < 
2 X 10^^^ or in the second case because of the suppression 



factor (- 



-)' 



Finally, we wish to point out that our shadow fermions 

(Z) 

Tpl 2 do not acquire a millichargc which would have hap- 
pen if SU{2)z is broken down to C/(l) which could mix 
through vacuum polarization with U{\)em [ill- In our 
model SU{2)z is unbroken and this is the reason why it 
grows strong at a very low scale ~ 1Q~^ eV. 
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t = ln(_E/Az) 




FIG. 1: az{E) and ^^^(-B) versus t = ln{E/Az) for m ,(z) = 
300 Ge\/, m (z) = 100 GeV and m (z) 
Az =3x 10-3 eV. 



= 50 GeV. Here 
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FIG. 2: az{E) and ^^^(-B) versus i = ln(_B/Az) for m .(i?) = 
300 GeV, m,z) = 200 CJeV and m ,z) = 100 GeV. Here 
Az =3x 10^3 eV. 
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FIG. 3: . The decay if>\^ — > i/)} 2 + ' s-t tree-level and at one 
loop 



